It is now conceded that drizzle or light rain m ay fall from clouds which do not reach freezing level, but it is still not generally accepted that heavy precipitation is a lso possible from such clouds. This paper adds five further airborne radar observations of non-freezing rain (in the vicinity of Sydney, Austra lia; latitude 35 aS .) to the relatively few accounts of modera t e to h eavy precipitation already recorded as falling from such clouds.
I. INTRODUCTION Over the last decade or so, a number of accounts have appeared of moderate to heavy rain falling from clouds which were wholly warmer than freezing (Heywood 1940; Simpson 1941; Kotsch 1947; Hunt 1949; Bowen 1950 ; Smith 1951; Ward 1952) . With a few exceptions, these accounts have been brief statements of fact, that rain of certain intensity had fallen from nonfreezing clouds. Bowen (1950) showed that coalescence of water drops was the mechanism at work in the formation of such rain, supporting his statement with calculations of raindrop growth under typical cloud conditions and with four examples of non-freezing rain observed with the aid of ground and airborne radar. Later, Smith (1951) described in detail three other aerial observations.
The purpose of the present paper is to document five further observations of rain falling from clouds that were kept under observation during the major part of their life from an aircraft fitted with radar. At no time did any of these clouds reach the 0 °0. isotherm. An attempt is made to describe in as much detail as possible the important features of each rain storm and to summarize those features which were common to all five storms .
II. METHODS OF OBSERVATION
The observations described in this paper were carried out with an airborne radar equipment. An aircraft installation has great advantages for the investigation of the physics of cloud and rain formation, as the aircraft may search out the most interesting clouds and fly over and through them to observe directly their external and internal conditions. The radar is an SOR717 set operating on a wavelength of 9 ·1 cm. Its antenna is mounted on the nose of the aircraft, so that the aerial beam rotates about an axis coinciding with the longitudinal axis of the aircraft. Thus, when the aircraft is flying in a horizontal attitude, the aerial beam scans through a vertical section of the atmosphere at right angles to the line of flight. Any radar echo from rain lying in this vertical sector at any instant, be it either above, below, or on either side of the aircraft, is displayed on a Vertical Position Indicator oscilloscope in the same position relative to the centre of the oscilloscope as the actual rain area bears to the aircraft. The salient features of this type of display are shown in Plate 1. Plate 1 (a) represents a vertical section of the atmosphere and shows the aircraft fitted with the radar set flying over a raining cloud during a typical observational flight. Plate 1 (b) shows a photograph of the corresponding display on the Vertical Position Indicator oscilloscope. The aircraft appears as a spot at the centre of the oscilloscope. Owing to finite side lobes of the aerial beam, the echo from the ground appears not as a horizontal band but as a circle around the aircraft of radius equal to the height of the aircraft above the ground. The echo from the rain in and falling from the cloud is shown extending from just below the aircraft down to the ground.
The intensity of radio waves back-scattered from raindrops is proportional to LND6, where N is the number of drops per unit volume and D is their diameter. Hence raindrops would first be detected in a cloud when LND6 is sufficient to give a measurable signal.
The sensitivity of the radar used in these observations is such that raindrops of 1 mm. diameter would just be detected at a range of 10,000 ft. if they completely filled the radar beam and if the drop density were 100 drops/m . 3 and drops of 0 ·5 mm. diameter would just be visible if their density at the same range was 10 4 drops/m.
•
The Vertical Position Indicator display shown in Plate 1 (b) is not suitable for accurate measurement of the echo intensity at any particular height in the rain shower. To facilitate such measurements, an auxiliary oscilloscope (Plate 1 (e)) is installed on which is displayed the amplitude of the echo at various ranges from aircraft.
From this display, the sensitivity of which is known, may be calculated an equivalent echo power v. range curve, allowance being made for the known 75 variation of echo intensity with distance from the point of observation. For the purposes of this paper all echo power figures are reduced to an arbitrary range of 10,000 ft. In this way, the range effect is eliminated and hence a curve of equivalent echo power v. height above mean sea-level may be constructed. Such a curve clearly depicts the variation of the radar echo intensity down through the cloud. In the observations described in this paper, this oscilloscope (Plate 1 (e)) operates over a 90° sector of the plane scanned through by the aerial beam. The angular position of this 90° sector can be varied at will thus enabling the radar operator to aim it at the particular rain echo under investigation. The position of this sector is identified on the Vertical Position Indicator oscilloscope by a bright radial line called the" strobe marker" (see Plate 1 (b)). For convenience this strobe marker is positioned 180° away from the true centre of the 90° sector.
The two oscilloscopes described are mounted on a panel together with instruments which give the time, the altitude heading and airspeed of the aircraft, and the ambient temperature. This recorder pa.nel may be photographed at intervals of 3, 6, 15, or 30 sec. as desired, to obtain a permanent record for subsequent analysis.
The estimates of raindrop size given in this paper were made by observing the size of the splashes on the windscreen of the aircraft when flying through the rain. Although such estimates depend entirely on the judgement of the observer, test flights near the ground have established that this technique is satisfactory for an approximate classification of drop sizes into size ranges of about 0 ·25 rom., o . 25-1 mm., and greater than 1 rom. The impact of drops on the aircraft skin becomes audible for drops about 1 mm. in diameter.
The calculations of the precipitation rate at ground level were based on the intensity of the radar echo at this level assuming that the raindrop spectrum was that given by Laws and Parsons (1943) . Twomey (1952) has since shown that such estimates of rainfall intensity cannot be made to better than a factor of 2 : 1, owing to short period fluctuations in the a.ctual drop spectrum on the ground.
The temperature structure of the atmosphere was obtained by a temperature sounding taken during the aircraft ascent. The thermometer used was a calibrated aircraft resistance thermometer accurate to 1 °0. No readings were taken in cloud because an aircraft thermometer is known to be unreliable when wet. This sounding is supplemented by the radiosonde data obtained at Rathmines which is situated on the coast 70 miles north of Sydney. For ready comparison of the two soundings, radiosonde data were reduced to equivalent heights in feet above mean sea-level assuming an I.O.A.N. atmosphere.
III. FIVE OBSERVATIONS OF RAIN FROM NON-FREEZING OLOUDS
(a) January 11, 1951 A gentle maritime stream, associated with an anticyclone centred in the southern Tasman sea, was moving across the Sydney coast from a south-easterly direction. At 0900 hours, showers were falling from 8/8 strato-cumuli and column-type rain echoes extending from the ground to approximately 8000 ft.
were observed on a 10-cm. ground radar set. A flight was commenced at 1030 hours, at which time the layer of strato-cumuli over the coast was broken but still 8/8 about 10 miles inland. The height of the cloud base was 1200 ft. with tops varying from 4000 to 11,000 ft. over the coast. Over the land the 8/8 cloud layer was generally held down at 10,000 ft. by a temperature inversion, with an occasional head rising to 11,000 ft. where the temperature was +5t °0. The temperature sounding obtained during the aircraft ascent is shown in Figure 1 (a) superimposed on the sounding obtained from the 1800-hours radiosonde release at Rathmines. The radiosonde sounding indicated that freezing level was a.t 13,800 ft. (I.O.A.N.) .
(i) Oloud No. I.-A group of three heads, situated over land about 20 miles north-west of Sydney, was observed at 1055 hours rising from the top of the general cloud layer. The centre head of the three wa.s selected for detailed investigation. This head continued to grow (as shown in Fig. 1 (b», reaching a maximum height of 11,100 ft. It then gradually subsided to 11,000 ft. in the next 3 minutes after which it completely subsided into the general layer in a further 4 minutes.
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-:, ~ :-x 1103 ·47 HR . During this period, five flights were made over the cloud at approximately 2t-minute intervals, the rain falling from the cloud being observed on the aircraft radar set. A series of photographs of the most intense rain area obst=)rved during each of these runs is reproduced in Plate 2. The maximum echo intensity (Plate 2 (b» was recorded during the second run which coincided with the time of maximum development of the cloud. At this time the height of the top of the radar echo coincided with a temperature inversion at 9200 ft. As soon as the cloud had passed maximum development and commenced to subside, the top of the echo began to fall (as shown in Fig. 1 (b» with corresponding reduction in the intensity and lateral dimensions of the rain area.
The variation with time of the intensity of the echo from the most intense rain area in the cloud is shown in Figure 1 (c) . From these curves of equivalent echo power v. height, it can be clearly seen that rain was still developing when first observed, reaching a maximum at the time of maximum development of the cloud (1101 hours), thereafter gradually diminishing in intensity. The peak intensity during development of the rain occurred at an altitude of about 5000 ft., that is, in the vicinity of a shallow isothermal layer. During the dissipation stage of the cloud, the height of the peak echo as well as the height of the top of the echo diminished.
Maximum rain intensity on the ground occurred at 1103 hr. 47 sec., that is, 3 minutes after the cloud had started to subside. .At this time, the rain intensity on the ground corresponding to the observed radar echo, was 70 mm. /hr. which corresponds to " very excessive" rain as defined by Smith and Fletcher (1947) . On the same basis, the average precipitation rate for the 10-minute period was about 35 mm.fhr.
(ii) Cloud No. 2.-.At 1125 hours the aircraft set course for an isolated formation of cumuli situated over the sea 5-10 miles east of Sydney. The head for investigation was rising from a circular area of cloud about 5 miles in diameter, the top of which was at 10,000 ft. This area of cloud was apparently the remnant of the 8/8 strato-cumuli which existed over the sea at 0900 hours. During the first three runs over this head (as shown in Fig. 2 (b) ) the top remained at 11,000 ft. On the last of these runs, however, it was dissipating and by the fourth run the top had fallen to 10,000 ft.
The maximum rain echo observed during each of these runs is shown in Plate 3. .As can be seen, the rain echo grew in intensity until 1129 hours after which it rapidly diminished until, 7 minutes later, only a small echo remained. The variation in the height of the top of the rain echo with time is shown in Figure 2 (b), maximum height being 9700 ft. which was 500 ft. higher than in cloud No.1 but was still limited by the temperature inversion . . Although in .this case the maximum development of the rain storm cannot be so definitely correlated with a peak in the development on the cloud top, it certainly did occur while the cloud was still active:
The curves of equivalent echo power v. height given in Figure 2 (c) again clearly show the growth and decay of the rain echo. The peak in the 1129-hours echo power curve corresponds to the broad band of echo visible on Plate 3 (b) which lies between 6600 and 8300 ft. Three and a half minutes later the intensity was more uniform with height but had its maximum value between 5500 and 6500 ft. Neither of these maxima can be explained satisfactorily in terms of the temperature sounding. The maximum rain intensity on the surface of the sea was calculated to be 100 mm./hr. (1129 hours). The average precipitation rate over the period of 10 minutes was about 45 mm./hr.
(b) January 23, 1951 Maritime air was moving over the Sydney coast from a southerly direction in which at 1400 hours 8/8 strato-cumuli had formed over the land, with base at 4500 ft. and tops held down by inversion at 6000 ft. However, over the sea some isolated cumuli had developed with bases at 1750 ft. and tops varying from 10,000 to 12,500 ft. A temperature sounding made during the aircraft ascent is shown in Figure 3 A formation of cumuli was selected for special investigation whose top at 1530 hours was at 10,000 ft. and growing (Fig. 3 (b) ). It reached its maximum development 21' minutes later. After a further 5 minutes the top had dropped from its greatest height to 11,000 ft. and was dissipating. Dissipation continued until the whole top had completely evaporated down to 9000 ft. The first three runs were made through the cloud; one at 9300, and two at 10,000 ft. On the first two runs, the cloud could be classed as " very wet" for a cumulus cloud, the size of the drops hitting the windscreen being estimated to be about 1'mm. By the time of the third run, the water content had dropped to about half but the drop size was approximately the same. On none of these runs, as would be expected since the whole cloud was warmer than freezing, was any snow or ice observed. The turbulence encountered on the first two runs through the cloud (about 5 miles wide in an east-west direction) was moderate, maximum vertical accelerations experienced being of the order of ±ig.
The photographs in Plate 4 show the most intense rain echo which was observed on each of these runs. The echo was strongest at 1529 hr. 44 sec. (Plate 4 (a) ), that is, when the cloud was still actively building and not when the cloud had reached its peak development as was the case on January 11, 1951. The echo had nearly vanished 7 minutes later and completely so after 11 minutes.
The curves of equivalent echo power v. height shown in Figure 3 (0) confirm the fact that the most intense echo occurred at 1529 hr. 44 sec. after which it rapidly diminished. .An interesting feature of this rain is the fact that the top of the rain echo at the time of its maximum development was held down at 6000 ft. by the 3! ~. degree inversion and had fallen to 5500 ft. by the time the cloud had reached maximum development. Maximum rainfall intensity on the surface of the sea occurred at 1532 hours and was calculated to be about 100 mm./hr. The average precipitation rate was about 70 mm./hr. over the 7 minute period.
(0) January 24, 1951 A gentle maritime stream, associated with a weak cyclone centred about 200 miles east of Sydney, was moving across the coast from a southerly direction. Isolated cumuli were forming particularly over the sea, with bases at 1500 ft. and tops varying from 3000 to 20,000 ft. In the afternoon a flight was made to investigate these clouds. A temperature sounding taken during the aircraft ascent is shown in Figure 4 (a) superimposed on the sounding obtained from the 1800-hours radiosonde release at Rathmines. Freezing level during the flight was 10,900 ft. whereas by 1800 hours it had dropped to 10,600 ft.
A line of cumuli was observed to be developing about 20 miles north-east of Sydney. The particular cloud selected for investigation was growing at 1548 hours, its top then estimated to be 8000-9000 ft. The development of this cloud in the period of observation is shown in Figure 4 (b) . The cloud continued to grow until its top reached 10,500 ft. after which it remained stable, but still active, for 7 minutes. The top then rose to 10,750 ft. (+t °e.) in the next 3 minutes. The top had almost completely evaporated down to 10,500 ft. 21 minutes later leaving a compact, but almost flat top at this height. This situation persisted for another 3 minutes, when this, also, started to dissipate a.nd this stage continued until the cloud had completely evaporated down to 9100 ft., with the remainder very broken.
Three flights were made through the top of the cloud while it was still active. On the first two (1554 and 1601 hours respectively) a moderate water content was observed, the size of drops hitting the windscreen being estimated at less than!: rom. On the third run, however, 1000 ft. below the top of the cloud at the time of its maximum development, the water content was larger, drop size now being about 1 mm. The maximum vertical acceleration experienced on any of these runs was ±ig.
During the first three flights over the cloud (Fig. 4 (b) , 1448-1551 hours) small echoes were observed momentarily on the radar but were not of sufficient lateral extent to be recorded on the radar film. Thereafter, however, the development and subsequent decay of the rain echo is clearly shown in the sequence of photographs in Plate 5. Ourves of equivalent echo power v. height are given in Figure 4 (c). The rain echo when first recorded lay between 7500 and 3500 ft. This rain echo increased in size and intensity, until its top had reached 10,000 ft. (see Fig. 4 (b) ), and its bottom had just re,ached sea-level, the peak intensity being at 4500 ft. Note that this echo coincided with the peak development of the cloud. The height of the top of the echo then immediately started to fall, but the intensity of the echo increased between 4500 ft. and the sea until at 1604 hr. 41 sec. it was almost uniform between these heights. Maximum intensity at sea-level was reached at 1607 hours. The precipitation rate corresponding to this observed echo intensity at sea-level is 30 mm./hr., which corresponds to "heavy" rain. After this the intensity at sea-level decreased, the average for a 12-minute period being 15 mm./hr.
(d) March 22, 1951
A gentle slightly modified maritime stream from a north-westerly direction was moving across Sydney; 0-4/8 strato-cumuli were forming with bases at 2500 ft. and tops varying from 3000 to 9000 ft. but nowhere reaching freezing level, which was at 12,200 ft. A temperature sounding taken during the aircraft ascent is shown in Figure 5 (a) superimposed on radiosonde soundings taken at Rathmines at 0600 hours and 1800 hours.
The cumulus cloud selected for special investigation formed part of a line of cumuli running parallel to the coast and was situated on a bearing of 120 0 (Mag.) from Sydney, 25 miles out to sea. The behaviour of this cloud during the period of observation is shown by Figure 5 (b) . It reached its maximum development (9000 ft.) at 1017 hours, the top thereafter gradually falling in the next 7! minutes, to 8200 ft. It then started to grow again, reaching 9200 ft. 6t minutes later, after which it subsided until the top was at 8500 ft. At 1022 hours and 1025 hours flights were made through the cloud about 100 ft. below its top. Only a low liquid water content was observed. Drops were only just visible on the windscreen, hence the drop size lay in a range up to 1 mm. diameter. The maximum vertical accelerations experienced on these two runs through the cloud were approximately ±ig and ±ig respectively. The larger acceleration experienced on the latter run can be accounted for by the fact that the cloud was starting to grow ,again. A flight made beneath the cloud base at 2500 ft. at 1055 hours revealed light rain, the drop size lying in the range i-I mm.
A series of photographs of the radar echo from rain falling from the cloud are shown in Plate 6. This example of non-freezing rain is interesting, not because of the intensity of the rain, which in this case was light, but because of the effectively cyclic variation of the height of the top of the rain echo with the development of the cloud. This effect can readily be distinguished on the successive photographs in Plate 6, but is clearer when these are studied in conjunction with the corresponding equivalent echo power-height curves shown in Figure 5 (0). When first observed the echo was near the top of the cloud, height of top of echo and of the peak echo being at 8200 and 6250 ft. respectively. The echo did not reach the sea. When the cloud was at maximum development for the first time (1017 hours) the top of the echo and peak echo had fallen to 7000 and 4000 ft. respectively, the rain still not reaching the sea. After 3 minutes, the top had fallen to 6500 ft. with maximum intensity close to the sea. The next cycle started 2 minutes later when the rain shower commenced to develop again, giving a small echo with maximum intensity at about 3000 ft., although the cloud top still appeared to be subsiding. After a further 3 minutes, when the cloud started to rebuild, the top of the echo had risen to 7200 ft. with its peak at about 4000 ft. The top of the echo then remained steady at 7200 ft. but the echo intensified between 3500 ft. and the sea. By 1031 hours, when the cloud had reached its maximum development a second time, the top of the rain echo had risen to 8200 ft. again with its peak intensity at 5500 ft. Unfortunately no further radar record was obtained owing to a fault in the camera.
However, it is confirmed again in this example that the maximum rain intensity occurs either when the cloud is still actively building, that is, prior to it attaining its maximum development, or when the cloud just reaches maturity.
The maximum echo intensity occurred on the surface of the sea at 1020 hours. The corresponding pre~ipitation rate was 1 mm./hr., i.e. light rain, and averaged only 0·5 mm.fbr. over the 5-minute period.
IV. SUMMARY OF OBSERVATIONS
The observations of natural rain described in this paper contain several important features (Table 1) .
(a) The clouds were wholly warmer than 0 oC., the temperature of the top at the time of their maximum development being between +7 and +t °C. in all cases.
(b) Calculations of precipitation rate on the ground based on the intensity of the radar echo and Laws and Parsons drop size distribution show that the rain intensity on the ground averaged over the period of the storm can reach 70 mm./hr. i.e. "excessive" proportions. Three cases of excessive rain are recorded, one of heavy, and one of drizzle.
(0) In the four cases of heaviest rain, the cloud formed in maritime air masses moving over the Sydney coast from a south or south-easterly direction. In the other case (March 22) the air mass was slightly modified maritime air moving back over the sea from a north-westerly direction.
In all cases the clouds investigated were either over the sea or only slightly inland.
(d) In the four examples where the precipitation rate was heaviest, the cloud depth was between 9250 and 9900 ft. The light rain of March 22 fell from a cloud only 6500 ft. deep. However, since the air mass was also different .on this occasion no conclusion can be reached.
(e) The values of effective cloud life given in Table 1 are tb,e times from when the head was first observed to commence its growth from the top of the general cloud layer to when it subsided back into the layer or had nearly completely dissipated. The clouds may hence be classed as " of short life ".
(f) The observed echo from-the rain in the cloud was in the form of a vertical ,column.
(g) In all cases the maxImum development of the radar echo occurred when the cloud was still actively building just prior to the cloud reaching maximum ,development or when the cloud was actually at maximum development.
(h) Also in all cases the cloud commenced either to dissipate or subside immediately upon reaching maximum development. SimultaneOUSly the top of the radar echo also started to fall.
(i) In most cases the greatest rainfall intensity on the ground occurred after the cloud had passed maximum development.
(j) In four of these observations it will be noted that, while the cloud was still developing, a maximum in the radar echo intensity from the rain occurred in the middle levels in the cloud, indicating an accumulation of relatively large drops at these levels. Inmost cases there was little or no discontinuity in temperature sounding to account for such an effect. This effect was not 
observed, however, in the example of January 23, owing, perhaps, to the late start of observations on this cloud. In this cloud also, the top of the radar echo was limited by a 3f C. degree inversion near the middle level of the cloud.
Generally, after the cloud had passed maximum development, the region of high concentration of water drops disappeared leaving the echo intensity inore uniform with height.
v. CALCULATIONS OF RAINDROP DENSITY AND RAINWATER CONTENT
From the curve of observed radar echo intensity v. height for a particular rainstorm, it is possible to compute the variation of raindrop density and rainwater content down through the cloud on various assumptions about the rate of growth of the falling drops. Let us consider the rainstorm for January 24, 1951, at the time of its maximum development. The data acquired upon which the following calculations were based, were, first, the equivalent radar echo power given in Figure 4 (c) (1600 hr. 34 sec.) and, second, an estimate of the drop size obtained during the flight through the cloud at a height of 8000 ft. above its base. The predominant drop size at this height was found to be 0·25 mm. in diameter, let us say in the range 0·2-0·3 mm.
(i) If we now assume no growth of the raindrops as they fall through the cloud, then the -diameter of the drops at every height in the cloud would be in this same range 0 ·2-0·3 mm. (Fig. 6 (a) ). The corresponding values of raindrop density and rainwater content at different heights, plotted in Figures 6 (b) and (0), may then be calculated. It is immediately obvious that the values of both raindrop density (5 xl0 6 to 5 xl0 7 drops/m. 3 at 3000 ft. above the cloud base) and rainwater content g./m. 3 at the same height) are absurd. For this reason, if for no other, the assumption that the raindrops do not grow in falling through the cloud must be invalid.
(ii) As an alternative, let us assume that in falling through the cloud the raindrops grow by coalescence at the rate given by the coalescence theory of Bowen (1950) . On the further assumption that the upward air velocity, cloud water content, and average cloud drop diameter are as indicated in the legend to Figure 6 , the drops would grow in the manner indicated in Figure 6 (d) , attaining diameters between 1 and 2 mm. on reaching the cloud base.
The corresponding values of raindrop density and rainwater content at different heights are given in Figure 6 (e) and (f). The numerical values, although somewhat high, are not unreasonable.
It can therefore be stated with some degree of certainty that the raindrops must have grown in falling through the cloud and that the rate of growth was compatible with the coalescence theory.
VI. OONCLUSION The rain described in this paper came from clouds that were wholly at temperatures above 0 °0. and the conditions were such that ice crystals could not possibly have been involved in the formation of the rain. It has already been shown (Bowen 1950 ) that such rain can form by coalescence and the observations described ~n the present paper are consistent with the theory.
The clouds were of moderate depth and formed in maritime air in the warm temperate region. The intensity of the rain at the ground varied from drizzle to one case in which the average intensity over the duration of the storm was 70 mm./hr.
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